Sinkhole activity is a covered loss under Florida's current regulatory statutes regarding property insurance, and several thousand subsidence investigations are completed annually for homeowners with cracking distress and other possible indicators of sinkhole activity. The majority of these insurance claims are located in Florida's gulf coast communities, north of and including Tampa. Here, the limestone is shallow and is overlain by sedimentary and wind-blown sand and clay layers. In addition, there is often, but not always, a vertical downward gradient from the surficial aquifer to Floridan aquifer. In Florida's geologic past, before the sand and clay layers were laid down, changes in the ocean level caused weathering of the limestone surface, creating an uneven surface where subsequent infills of loose sands and soft clays have still not consolidated. This has created subsurface conditions that appear to be sinkholes, but are not. Sinkhole formation is chiefly the result of raveling of overlying granular soils into voids, cavities and caves within the limestone. Proper analysis of these cases requires the geotechnical engineer to understand the regional geology, and the geologist to understand the engineering conditions under which damage can occur to a structure. The case studies presented allow the reader to distinguish the subtleties between general subsidence and subsidence due to true sinkhole activities.
INTRODUCTION
In Florida, the large number of sinkholes that have occurred over the past 30 to 40 years has been an impetus for the state government to require sinkhole insurance coverage for residential and commercial properties statewide. West-central Florida has recently been called the "sinkhole capital of the world," owing to the number of sinkhole insurance claims that are made in this region. Many of these claims are valid, with damage to structures clearly due to sinkhole activity. For example, a collapse sinkhole may be easily identified by the professional geologist or geotechnical engineer, and the attendant damage easily visible including cracks to the walls, skewed door and window openings, and visible sloping of the floors. In these cases, where repairs are practical, the most common, successful remediation method is low mobility grouting to seal the limestone surface and prevent further raveling.
Unfortunately, damages to structures can occur where cause of damage is not so easily ascertained. Oftentimes the "damage" that initiates a sinkhole claim is minor cosmetic cracking that can be attributed to a multitude of causes. Subsidence sinkholes, as opposed to collapses, cause depressions to occur at the ground surface that are sometimes not readily apparent, and damage to the structure may indicate near surface ground movement sufficient to cause damage and the potential effect of sinkhole activity. However, because there are numerous potential causes of damage to structures, the engineer and geologist must provide forensic analysis of the damage to determine the most probable causes.
The current state of Florida's sinkhole insurance industry is one of increasing claims, stretching statewide and including areas that are not predisposed to sinkhole activity, based on geologic formation, hydrogeologic setting, and documented history of sinkholes. Therefore, many insurance claims are being made with no engineering or geologic basis; instead, claims are based on the fact that it is known within the industry that it is difficult to tell whether or not there is sinkhole activity; and sometimes even more difficult whether or not there is a link between sinkhole activity and the distress observed. Much of the driving force behind insurance claims is legal in nature, and related to the wording of Florida Statute 627.706 defining sinkhole activity for insurance purposes. The ability to certify "elimination of sinkhole activity as a contributing cause of the damage within a reasonable professional probability" as required by this statute in many cases poses significant technical challenges. In those cases where sinkhole activity cannot be eliminated as a cause of damage within a reasonable professional probability, State law requires the insurance company to pay out on the claim and/or make repairs.
The purpose of this paper is to examine the geologic setting in west-central Florida where most of the sinkhole claims are made, to differentiate between sinkhole activity and other geological processes, and to present the means by which they can be differentiated. The most important of these is the geologic framework which, if properly understood, provides the means to differentiate in most cases between sinkhole occurrence or other causes of damage.
GEOLOGIC SETTING
A simplistic model of modern-day Florida is of a relatively thin veneer of surficial sand, underlain by sand, clayey sand and clays with subordinate amounts of localized lenses of carbonate. This relatively thin veneer is underlain by thousands of feet of carbonate sediments (limestone and dolomite). The deposition of the thick sequence of carbonates is the result of ancient Florida being part of what is referred to as a carbonate platform (Randazzo, 1997) (Figure 1) . A carbonate platform is an area that is not receiving significant amounts of terrestrial sediments such as sand and clay to dilute the carbonate being deposited by biological sources such as shell/coral. The carbonate platform came to an end after deposition of the Suwannee Limestone at the end of the Oligocene (approximately 25 million years ago). All throughout its history, Florida has been subject to large variations in sea level. For example, during the Pleistocene Epoch (a.k.a. 'ice age'), there were at least four glacial periods which fluctuated sea level sufficiently to expose, and in turn inundate, most of the landform that is now Florida (Figure 2 ).
Earlier uplifts of the limestone have produced a structure that has regional highs and lows, along the northwest-southeast axis of central Florida, creating a high in the limestone near Ocala (this feature is known as the Ocala Platform, Figure 3 ). Because this high exists, subsequent strata deposition is thinner at the high point, and the limestone is closer to current surface elevations. With thinner cover materials over the limestone, this is where many of the sinkholes form. Although some of the sea level fluctuations kept portions of the limestone below water, or covered with more recent siliclastic sediments, other areas of the limestone would have been exposed to the weathering and erosion. In these areas, the surface of the limestone would have been severely eroded, numerous times, creating gullies, rivulets, ruts, furrows, and other features common to eroded surfaces ( Figure  4 ). These areas could be regional or highly localized. Softer limestone was eroded away, and harder limestone would resist erosion and remain in place. During the periods of weathering and erosion, some eroded limestone was deposited very loosely in the bottom of gullies and low areas, while others were washed away. Finally, as newer sediments were placed over these, they filled in the gullies and other low spots first, before the sediment accumulated at generally the same elevations. This action of deposition, erosion, and subsequent deposition and reworking of the sediments is the principal process that took place at the top of the limestone. Most importantly during these millennia of weathering and erosion a system of caves, cavities and voids or karst developed, referred to as "epikarst." There are numerous classifications of sinkholes and karst features representing a continuum that ranges from cover subsidence to cover collapse (erosion sinkholes). A cover subsidence sinkhole is a feature in which the limestone surface is dissolving and the overlying ground subsides as the limestone dissolves. It must be noted that limestone dissolution does not occur on a human time scale, but rather a geologic time scale. Numerous attempts have been made to determine the dissolutioning rate for Florida limestone, e.g., Brooks (1967) estimates 4 cm per 1,000 years. This slow rate of dissolution will not impact a structure during its lifetime; damages are instead from cover collapse or erosion sinkholes. These result from the raveling of overlying sediment into voids and cavities in the limestone. This is a process that starts at depth and "stopes" its way to the surface.
Figure 4 Typical Eroded Limestone Surface Figure 3 Major Geological Structural Elements of Florida
In summary, these two geologic processes -erosion and sinkhole formationdominated the formation of the Florida limestone contact surface. The current difficulty lies with telling the difference between ancient karstic activity, ancient erosional features, and current sinkhole activity.
PRINCIPLES OF DETERMINING THE PRESENCE OF MODERN DAY SINKHOLE ACTIVITY
For insurance purposes, Florida law requires that the determination be made linking the sinkhole activity to the damage to the building. There are many principles by which engineers and geologists determine if sinkhole activity exists and if it is a potential cause of damage to the structure in question. Some principles relate to careful engineering analysis of the structural and cosmetic damages. Since sinkhole damage is, however, clearly a soil-structure interaction, so many of these principles also relate to subsurface features. The scope of this paper is restricted to subsurface conditions. The following principles are used in the deduction of sinkhole activity from SPT borings. Most of the same principles can be applied to CPT soundings as well; however, the texture of the limestone cannot be examined by the CPT method as samples of the limestone cannot be obtained.
1. The primary method of determining sinkhole activity is examining the blow counts with depth. A ravel trend, very common in sinkhole formation, is generally indicated by a reduction of blow counts with depth within the same stratum. The ravel trend should extend downward to the limestone, and should extend upward sufficiently near the ground surface that it could cause damage to a structure. Ravel zones that terminate well below ground surface, (e.g. 15 m.) and are overlain by competent materials, are almost certainly not a cause of damage to a single story, lightly loaded residential structure.
Consideration must be made to the soil type, as cohesive soils have very different blow counts than sandy soils. While this may sound extremely basic, some geologists and engineers have ignored this very basic principle in determining if a raveling trend exists. A reduction in the blow count is generally expected when going from sand into an underlying clay. This does not mean that the clay is structurally weaker than the sand; in fact, it has been determined that clayey soils do not form sinkholes as readily as sand (Lei, Jiang, and Yu, 2002) . A reduction in blow counts due to encountering higher clay content soils could mean that the resistance to sinkhole formation has actually increased as compared to sand with a higher blow count.
The ravel trend includes a reduction in N-values with depth to blow counts less than 4, indicating the presence of very loose conditions for cohesionless soils, and soft to very soft conditions for clays. These conditions may indicate the presence of voids, cavities, cracks or other geologic features that may be associated with sinkholes. Weight-of-hammer (WOH) and weight-of-rod (WOR) zones at the bottom of ravel zones are compelling evidence of soft conditions, but it is important to note whether or not the dropped interval was fast or slow. A slow drop generally indicates the presence of material in the soft zone, whereas a fast drop may be indicative of a true water-filled void space. It is also important to measure the amount of sample retained in the split spoon sampler, and to examine the condition of the retained material carefully. 2. The presence of a loss of circulation of drilling fluid generally indicates high transmissivity of the stratum and/or the presence of voids, cracks or cavities where the drilling fluid can flow into the surrounding stratum from the borehole. The depth at which loss of circulation of drilling fluid is encountered should be compared to the elevation of the top of limestone in all borings, and especially in the subject boring. Losses of circulation within the limestone stratum itself are to be expected because the limestone is vuggy and porous, and has a naturally high transmissivity (Beck, 1984) whether or not there is sinkhole activity; therefore, in and of itself, loss of circulation alone is not a good measure of sinkhole activity. However, if the loss of circulation of drilling fluid occurs more than 5 to 10 feet above the highest elevation of limestone encountered in the borings, it may be an indication of possible pathways for raveling and potential sinkhole formation. 3. The presence of limestone mixed with clays or sands is not necessarily associated with severe dissolution of limestone over geologic time and replacement of the voids with clays and sands. It is known, for instance, that the Hawthorn Group, commonly overlying much of the limestone in central Florida, is predominantly a phosphate-rich clayey sand to sandy clay, but can have limestone layers and lenses within it (Randazzo, 1997) . As previously discussed, limestone mixed with siliclastics could also be the result of erosional and weathering processes at a time when the limestone was exposed. 4. The condition of the limestone as encountered: A visual examination of the limestone should be combined with an evaluation of the N-values and should be performed for samples driven into limestone. Specifically, a high degree of uniformity in the blow counts is an indication that sinkhole activity is not present. On the other hand, a high degree of variability may indicate sinkhole conditions or simply be a reflection of the early diagenic nature of Florida limestone. Also the average N-value of the limestone is an important indicator of structural stability or the lack thereof. Limestones with consistent refusal conditions (e.g., 50 blows over 15.2 cm [6 inches] or less of sampler penetration) are structurally sound and do not indicate dissolution or sinkhole activity (lesser N-values do not necessarily indicate unsound conditions).
Case I -Example of Sinkhole Activity
Case I is a two-story residence in Pasco County (west-central Florida), constructed in 1973 of concrete masonry units with brick fascia on parts of the exterior. The foundation of the structure was a substantial 76 cm wide by 56 cm deep strip footing. There were stairstep hairline cracks in the walls, indicating minor differential settlement of the structure, and a 0.32 cm (1/8-inch) gap between the house and the pool patio. The floor elevation survey ( Figure 5 ) found 3.6 cm of differential elevation across the floor. A geophysical testing program found no ground penetrating radar (GPR) anomalies around and beneath the house, while a multielectrode electrical resistivity (MER) survey indicated the presence of two anomalies both of which were on the front side of the house.
The soil borings associated with the investigation consistently show a ravel trend, ending in WOH or WOR conditions. Consider Boring SPT-1 in the back yard by the laundry and office (Figure 6 ). This boring indicates loose to very loose soils within the top 10 feet, as expected due to recent deposition and a lack of overburden pressures. A ravel trend exists from 3 to 17 meters (10 to 55 feet) below ground surface (bgs). The ravel trend extends downward to and into the limestone, and extends upward to within 3 meters (10 feet) of the ground surface. There is a loss of circulation of drilling fluid at 12 meters (40 feet) bgs, which is 3 to 4.6 meters (10 to 15 feet) above the top of limestone, a substantial distance. Furthermore, the other three SPT borings at this site found limestone at depths greater than 30.5 meters (100 feet), indicating a highly undulating limestone surface. These conditions combine to indicate that sinkhole activity is occurring at the site. The key factors in Case I are:
• A pronounced trend of decreasing density with depth that is not controlled by change in strata.
• The raveling trend culminates in a significant weight-of-hammer/weight-ofrod interval.
• The trend of decreasing density is associated with a loss of circulation of the drilling fluid significantly above the limestone.
• The raveling trend is close enough to the surface to plausibly have an impact in the form of subsidence of the surface/structure.
Based upon the above, it was our opinion that sinkhole activity as a potential contributing factor to the observed conditions could not be eliminated within a reasonable professional probability.
Case II -Example Not Indicative of Sinkhole Activity
This case is similar to Case I in that it is located in west-central Florida (Hernando County), and the house is constructed similarly of concrete masonry units. Differences include the age of the house (constructed in 2006), and the size of the house, which is smaller than Case I. The foundation is a monolithic thickened edge concrete slab with 30.5 cm (12 inches) of embedment. Damage includes interior cracked floor tiles, and exterior hairline to minor cracks on the walls that did not appear to follow the CMU joints. The geophysical screening showed a GPR anomaly behind the house (Figure 7) . The floor elevation survey indicated 5 cm (2.0 inches) of elevation differential with the low point at the front of the house (Figure 8 ). Although the floor elevation survey exceeds guidelines for flatness set forth by the American Concrete Institute for residential construction, there was little evidence that the slope is due to settlement (note the GPR anomaly is at the high side of the floor elevation which negatively correlates to settlement as a cause). Three SPT borings were completed to determine subsurface conditions. Figure 9 shows boring SPT-1, which indicated the weakest profile of the three borings and therefore the one most likely to be related to sinkhole activity. Careful inspection of this log indicates the presence of loose surficial sand within the top 3 meters (10 feet) (somewhat denser than in Case I), followed by increasing N-values to a depth of 9 meters (30 feet) bgs. The loose surficial sand could account for the hairline cracks on the house, although if settlement-related, the cracks would most assuredly have followed the mortar between the blocks in a stairstep pattern. A stratum change from sand to clay accounts for the lower blow counts between 10.7 and 13.7 meters (35 and 45 feet) bgs, with stiff to very stiff clays. These overlay limestone with some variability of density and strength within the limestone, but with substantial strength both above and beneath the WOR zone. The average sand N-value from 3 to 9.8 meters (10 to 32 feet) was 14, indicating medium dense conditions for a 6 meter (20 foot) interval. This is not a ravel zone, and in fact generally increases in density with depth. The presence of stiff clays overlying the limestone decreases the possibility of sinkhole activity, owing to the cohesive nature of the clays and the stiff to very stiff consistency which is indicative of considerable shear strength that would resist sinkhole formation. The clays also restrict the downward groundwater flow.
Figure 9 SPT-1 Boring for Case II
The combined attributes of these data indicate significant stability of the soil profile and do not indicate the presence of sinkhole activity. As the other two borings were stronger, they support the conclusion that sinkhole activity could not have caused damage to this structure.
CONCLUSIONS
In conclusion, each site must be evaluated individually using the principles of evaluation presented herein. These observations should be weighted as to importance by the seasoned geologist or geotechnical engineer who can then confidently determine the presence or absence of sinkhole activity. The two above examples suggest that the soil profile can provide a significant number of clues as to whether or not sinkhole activity can be considered a cause of damage. They further reveal that karstic activity can cause voids and raveling to occur at depth beneath the structure, but if there is sufficient thickness of strong, dense, and stable soils between the epikarst and the house, then sinkhole activity can be eliminated as a cause of damage. For example, for the west-central Florida geology, a soil profile that includes at least 6 meters (20 feet) of sand or clay (or a combination thereof) with N-values of 20 or greater between the limestone and the foundation of the structure in all borings, generally indicates a stable profile exists at the site and that sinkhole activity is not a likely cause of damage within a reasonable professional probability. However, engineering judgment must be utilized in all cases.
